IR detectors have numerous applications, from imaging to telecommunications. They have traditionally been made from low-bandgap semiconductors such as germanium (Ge) and indium gallium arsenide (InGaAs). Although silicon (Si) has dominated the semiconductor industry and is widely used in photodetectors of all sorts, it is not used for IR detection because of its wider bandgap and detection edge at 1.1 m. Use of Si for photodetection has many significant advantages, including ease of fabrication, large existing infrastructure, and low cost, encouraging researchers to extend the photosensitive wavelength of Si into the IR regime. Some of the proposed structures include SiGe heterostructures on Si, 1, 2 and deep-level impurity doping. 3, 4 However, because of both the materials' bulk or thinfilm properties and fabrication constraints, these devices exhibit limited sensitivity.
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We have demonstrated a new, promising approach by employing the unique properties of nanostructures 5 to create a scalable detector from single-crystalline-Si vertical nanowire arrays, which can detect a broad spectrum of light from the UV to the near-IR wavelength range. 6 These detectors can be thought of as phototransistors with an optically modulated gate.
The mechanism that allows Si nanowires to become photosensitive to wavelengths below their bandgap originates from their large surface-to-volume ratio, allowing the large number of electronic surface states within the bandgap to play an important role in device behavior (see Figure 1 ). Although IR light does not have enough energy to excite carriers from the valence to the conduction band in bulk Si, electron/hole pairs can be generated between the valence band and surface states. These electrons annihilate the holes trapped at the surface and modulate the gate field. The generated holes are confined to the center of the nanowire by the gate field. They increase the nanowire channel's conduction for a given lifetime until they are trapped at the surface. The gain of the phototransistor can be significant if this retrapping lifetime is much longer than the hole transit time.
To fabricate truly scalable, large-area, high-sensitivity devices, we employed a top-down approach to form vertical nanowires using nanoimprint lithography and dry etching (see Figure 2) . This enables simultaneous printing of large areas and precise control of the wire geometry. Nanoimprint lithography is first used to pattern arrays of nickel dots on the hole-doped substrate. These dots are used as both etch mask and self-aligned contact to the nanowires. The nanowires are then dry etched, which allows formation of very-high-aspect-ratio nanowires. They are then embedded in dielectric and linked to a transparent indium tin oxide top contact. Of notable interest in the IR spectrum is the 1550nm wavelength used in telecommunications. Measurements at this wavelength show a significant improvement compared to that expected in bulk Si. Figure 3(a) shows a detectable increase in photocurrent down to pW/ m illumination levels. As the optical intensity increases, the device shows a saturation effect similar to automatic gain control, which gives it a very large dynamic range. The responsivity of these devices-see Figure  3 (b)-exhibits a peak at low intensities of 100A/W, showing a substantial gain.
Continued on next page
While these results prove that it is possible to build a highly sensitive IR detector using Si, significant improvements are needed to make the device properties more controllable. We currently rely on the effects of the native surface states to determine device behavior. The properties of these states can change depending on how the devices are processed. To better control and even engineer the exact properties for optimal device performance, we need to move towards engineering the device surface. One such direction that we are pursuing and that shows promise is to employ an atomic-layer-deposition system that would allow formation of monolayers of precisely controlled material at the nanowire surface. This could be used to create layers from passivation to homo-and heterostructures.
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